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Key Points: 17 

(1) Sensitivity to the critical Richardson number is investigated with a GCM model 18 

(2) Planetary boundary height increases with the critical Richardson number 19 

(3) The critical Richardson number affects stratiform and convective rainfall 20 

differently21 
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ABSTRACT 22 

The critical bulk Richardson number (Ricr) is an important parameter in planetary 23 

boundary layer (PBL) parameterization schemes used in many climate models. This 24 

paper examines the sensitivity of a Global Climate Model, the Beijing Climate Center 25 

Atmospheric General Circulation Model, BCC_AGCM, to Ricr. The results show that 26 

the simulated global average of PBL height increases nearly linearly with Ricr, with a 27 

change of about 114 m for a change of 0.5 in Ricr. The surface sensible (latent) heat 28 

flux decreases (increases) as Ricr increases. The influence of Ricr on surface air 29 

temperature and specific humidity is not significant. The increasing Ricr may affect the 30 

location of the Westerly Belt in the Southern Hemisphere. Further diagnosis reveals 31 

that changes in Ricr affect stratiform and convective precipitation differently. 32 

Increasing Ricr leads to an increase in the stratiform precipitation but a decrease in the 33 

convective precipitation. Significant changes of convective precipitation occur over 34 

the inter-tropical convergence zone while changes of stratiform precipitation mostly 35 

appear over arid land such as North Africa and Middle East. 36 

 37 

Index Term: Boundary Layer Processes, Global Climate Models 38 

Keywords: global climate model, critical bulk Richardson number, planetary 39 

boundary layer; precipitation40 
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1. Introduction 41 

The planetary boundary layer (PBL) is the part of the atmosphere where interactions 42 

between the atmosphere and the Earth’s surface occur [Stull, 1988; Liu et al. 2013]. 43 

Atmospheric flow in the PBL is characterized by strong turbulence that enhances 44 

transport and mixing of momentum, heat, moisture, and other quantities; hence it is 45 

important to resolve or parameterize turbulence in atmospheric models. In most 46 

weather and climate models whose horizontal resolutions range from a few kilometers 47 

to a few hundreds of kilometers, turbulence cannot be resolved but is parameterized 48 

through so-called ‘PBL schemes’. These PBL schemes can be broadly classified into 49 

two categories: local and nonlocal. A commonly-used local scheme is the ‘K-theory’ 50 

approach [Louis 1979], in which turbulent fluxes (e.g., of momentum, heat, water 51 

vapor and other passive scalars) are linked to the local mean gradients (e.g., of wind, 52 

potential temperature, specific humidity and other variables) through an ‘eddy 53 

viscosity’ or an ‘eddy diffusivity’. The local scheme often fails when nonlocal 54 

transport is important (e.g., under strongly unstable or convective conditions) [Stull 55 

1988]. As such, nonlocal schemes have been developed to consider the nonlocal 56 

transport [Troen and Mahrt 1986; Louis 1979]. Holtslag and Boville [1993] compared 57 

local and nonlocal schemes in a global climate model (GCM), the NCAR Community 58 

Climate Model version 2, and showed that the nonlocal scheme performed better 59 

under dry convective conditions.  60 

The PBL height is an important parameter in most nonlocal schemes and is usually 61 

inferred from the bulk Richardson number [Troen and Mahrt, 1986; Holtslag and 62 
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Boville, 1993], which is defined as the Richardson number for a layer from the 63 

surface to any height (z) above the surface. A key parameter to infer the PBL height 64 

from the bulk Richardson number is the critical bulk Richardson number (Ricr), which 65 

is the bulk Richardson number for the whole PBL [Holtslag and Boville 1993; Shin 66 

and Ha 2007; Basu, et al. 2014]. In the literature, many values have been used for this 67 

critical bulk Richardson number. For example, Ricr = 0.5 is typically used in GCMs 68 

with relatively coarse vertical resolutions [Holtslag and Boville 1993; Shin and Ha 69 

2007]. A value of 0.3 is used in models with higher vertical resolutions, for instance, 70 

in the Community Atmospheric Model version 3 (CAM3) [Kiehl et al. 1998] and the 71 

Beijing Climate Center Atmospheric General Circulation Model (BCC_AGCM) [Wu 72 

et al. 2010]. Ricr = 0.25 is used in the Yonsei University (YSU) planetary boundary 73 

layer scheme in the Weather Research and Forecasting model (WRF) [Noh et al. 74 

2003]. Recent experimental studies also found that the critical bulk Richardson 75 

number has a strong dependence on the stability of the PBL [Richardson et al., 2013; 76 

Basu et al., 2014; Zhang et al., 2014]. Here, we note that other definitions of 77 

Richardson numbers are also often used in numerical models as well as 78 

observational/theoretical studies. For example, in the University of Washington Moist 79 

Turbulence Scheme in CAM5 [Bretherton and Park, 2009; Park and Bretheton, 2009], 80 

which is a turbulent kinetic energy closure scheme, uses the moist gradient 81 

Richardson number to diagnose the vertical extent and stability characteristics of all 82 

turbulent layers in a model grid column. Flux Richardson number is often used in 83 

observational and theoretical studies [Yamada, 1975; Grachev et al., 2013; Katul et al., 84 
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2014]. It is particularly pointed out that the ‘critical bulk Richardson number’ used in 85 

our study is different from the ‘critical gradient Richardson number’ often associated 86 

with the Miles-Howard theory on the stability of laminar boundary layers whose value 87 

is about 0.25 [Miles, 1961]. 88 

The main objective of present work is to investigate the sensitivity of a GCM to the 89 

Ricr value in order to improve our PBL parameterizations in GCMs. To achieve this 90 

objective, this paper is organized as follows: a brief description of the BCC_AGCM 91 

model and the numerical experiments are described in section 2. The main results and 92 

discussions are presented in Section 3 followed by a summary in Section 4. 93 

2. Model Description and Experiment Design 94 

BCC_AGCM2.0.1 originates from the CAM3 but has been significantly modified as 95 

compared to CAM3. For example, the dynamics formulation in BCC_AGCM2.0.1 is 96 

different from the Eulerian spectral formulation in CAM3. BCC_AGCM2.0.1 uses a 97 

reference atmospheric temperature and a reference surface pressure, which induces 98 

changes in the governing equations and their solver [Wu et al. 2008]. The revised 99 

Zhang and McFarlane’s convection scheme (Zhang and Mu 2005a, hereafter RZM) is 100 

incorporated to replace the original scheme of Zhang and McFarlane (1995, hereafter 101 

ZM) in CAM3. The RZM scheme assumes that quasi-equilibrium exists between 102 

convection and the large-scale environment in the free troposphere above the PBL. 103 

The cloud-base mass flux is determined by the large-scale destabilization of the free 104 

troposphere due to changes in the free tropospheric temperature and moisture caused 105 

by large-scale processes. The RZM scheme includes a relative humidity threshold 106 
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(RHc) as a convection trigger to suppress spurious convection when the PBL is dry. In 107 

addition, the bottom of an unstable lifted layer is allowed to occur above the PBL in 108 

the RZM scheme while this level is limited to be below the top of the PBL in the ZM 109 

scheme. Wu et al. [2010] evaluated the model performance against the ERA-40 110 

reanalysis and other observational data and found that BCC_AGCM2.0.1 well 111 

reproduces the present-day climate in terms of energy budgets, precipitation, sea level 112 

pressure, air temperature, geopotential height, atmospheric circulation, and their 113 

seasonal variations. Compared to the original CAM3, the new dynamical core and 114 

updated physical parameterizations in BCC_AGCM2.0.1 leads to an overall 115 

improvement in the simulation [Wu et al, 2010]. 116 

In BCC_AGCM2.0.1, the free atmospheric turbulent diffusivities are typically taken 117 

as functions of length scales and local vertical gradients of wind and scalar variables, 118 

as in CAM3, and a nonlocal scheme is employed to parameterize turbulent flux in the 119 

PBL. In essence, the vertical flux of a constituent C (e.g., potential temperature, water 120 

vapor or other passive scalars), , is described by, 121 

,               (1) 122 

where w is the vertical velocity and Kc is the eddy diffusivity of the constituent C; γc 123 

denotes the nonlocal transport term of C. The overbar denotes the Reynolds averaging 124 

and the prime denotes turbulent fluctuations from the Reynolds average. The eddy 125 

diffusivity Kc is calculated through:  126 

,              (2), 127 
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where κ is the von-Karman constant; wt is a velocity scale as explained later; z is the 128 

height above the ground, and h is the PBL height. The nonlocal term is given by:  129 

,             (3) 130 

where a is a constant; is the surface flux; wm is another turbulent velocity scale 131 

that is different from wt; w* is the convective velocity scale ( , 132 

where g is the gravitational constant, θ is the potential temperature and θv is the virtual 133 

potential temperature). Details on wt and wm can be found in Troen and Mahrt [1986]. 134 

Briefly, under unstable conditions, wt and wm are proportional to the convective 135 

velocity scale w*. Under neutral and stable conditions, wt and wm are proportional to 136 

the surface friction velocity . 137 

The PBL height h, used in equations (2) and (3), is given by Vogelezang and Holtslag 138 

[1996]:  139 

( ) ( )
( ) ( )

2 2 2
*( ) ( )

/ ( )
cr SL SL

s
v SL v v SL

Ri u h u v h v Bu
h z

g hθ θ θ

 − + − + = +
−

,      (4) 140 

where zs is the height of the atmospheric surface layer. The quantities uSL, vSL and θvSL 141 

represent the horizontal wind components and virtual potential temperature at zs, 142 

respectively. u(h), v(h) , and θv(h) are the horizontal wind components and the virtual 143 

potential temperature at h, respectively. In practice, these quantities over the low 144 

model levels are used to iteratively determine h. The parameter B has been 145 

experimentally determined to be 100 [Vogelezang and Holtslag 1996]. In a simplified 146 

form, equation (4) can be written as:  147 

,               (5) 148 

' ' 1/3
* [ ( ) ]v s

v

ghw wθ
θ
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where α is determined by surface friction velocity, wind speed and potential 149 

temperatures at h. It is clear from the Equations (1) to (5) that a change in Ricr will 150 

affect the PBL height h (Equation 5), which further leads to changes in the turbulent 151 

diffusivity (Equation 2) and turbulent fluxes (Equation 1). 152 

To examine the impact of Ricr on model outputs, a suit of 50-year simulations with 153 

five values of Ricr (0.19, 0.25, 0.30, 0.35 and 0.50) are carried out, denoted as L0, L1, 154 

CTL, H0, and H1, respectively. These values are chosen to span the range of Ricr 155 

values commonly used in climate models, as reviewed in the Introduction. All 156 

simulations started from September 1, 1950 with the atmospheric conditions, soil 157 

moistures and snow cover/depth initialized from a previous model simulation and the 158 

sea surface temperature (SST) data taken from the Halley Center SST observational 159 

data. The model was run with horizontal resolution of T42 (approximately 2.8o 160 

latitude × 2.8o longitude grid), and 26 vertical levels with a rigid lid at 2.914 hPa, and 161 

an output frequency of 6 hours. The first twenty years were treated as the spin-up 162 

period and the analyses only focused on the last thirty years (i.e., 1971 to 2000).  163 

3. Results and Discussions 164 

a. Sensitivities of simulated PBL height and surface fluxes to Ricr 165 

The global distributions of annual mean, DJF (December, January and February) 166 

mean, and JJA (June, July, and August) mean PBL height simulated in the CTL 167 

experiment (i.e., Ricr = 0.3) are shown in Figure1. The PBL height is averaged over 168 

the entire diurnal circle. As can be seen, the PBL height is more variable over land 169 

than over ocean. Deeper boundary layers occur in North Africa, the west part of North 170 
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America and west Australia. This is because the land cover types in these areas are 171 

desert or mountains with larger surface heating rate. The boundary layer is also deeper 172 

in regions with strong winds, such as the Southern Hemisphere storm track and the 173 

trade wind region. PBL depths are lower at higher latitudes, resulting from a colder 174 

surface and thus stronger static stability. 175 

The annual mean global average of PBL height is 485 m, ranging from 194 m to 1113 176 

m (Table 1), and both the maximum and minimum of annual mean PBL height occur 177 

over land. Over ocean, the maximum and minimum PBL heights are 896 m and 208 m, 178 

respectively, with an annual mean of 499 m (as compared to 468 m over land). In DJF, 179 

deeper PBLs appear over ocean, especially over the Gulf Stream and Kuroshio in the 180 

Northern Hemisphere because there are large temperature differences between the 181 

cold air and the warm sea surface. In the Southern Hemisphere, deeper PBLs occur 182 

over west Australia and the southern part of South America. In JJA, the PBL heights 183 

appear to be higher over land where there are larger surface heating rates. The average 184 

PBL heights over west North America, the north-middle part of South America, North 185 

Africa, the south Europe and the middle Asia are all above 1000 m. 186 

Figures 2 and 3 show the annual mean, DJF mean, and JJA mean sensible heat flux 187 

and latent heat flux, respectively. There is a good correspondence between the 188 

patterns of PBL height and sensible heat flux, with correlation coefficients of 0.64, 189 

0.63 and 0.71 for annual mean, DJF mean and JJA mean, respectively. This is 190 

expected because they are coupled in the model via Equations (1) to (4). A higher 191 

sensible heat flux leads to stronger instability, and stronger turbulent mixing and 192 
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hence higher PBL height. This is particularly the case over land. The correlation 193 

coefficient between annual mean PBL height and sensible heat flux over land is 0.71. 194 

In comparison, the PBL height is less correlated with latent heat flux, with an annual 195 

mean correlation coefficient of 0.57. It is interesting to note that the PBL height 196 

exhibits better correlations with the surface virtual-temperature flux (Figure 4), with 197 

correlation coefficients of 0.74, 0.79 and 0.72 for annual mean, DJF mean and JJA 198 

mean. The correlation coefficients between annual mean PBL height and surface 199 

virtual-temperature flux over land and over ocean are same (=0.78). 200 

Figure 5 shows the differences in the annual mean PBL height between the sensitivity 201 

experiments and the CTL experiment (results of L0, L1, H0, H1 experiments minus 202 

CTL experiment results). The Student’s t-test is used to calculate the significance of 203 

PBL height change at each model grid cell and the shadow areas are where the 204 

significance level is less than 0.05. It is clear that changes in the simulated PBL height 205 

are not spatially homogeneous. In the L1 and H0 experiments, changes in most model 206 

grids did not pass the significance test; while in the H1 experiment, significant 207 

changes appear over land in the Northern Hemisphere, including North America, 208 

Europe, and East Asia and the Tibet Plateau. Changes over the Southern Hemisphere 209 

mainly occur over the ocean around 45-60oS. The averaged PBL height in this area 210 

decreases by 38.0 m in the L0 experiment and increases by 64.2 m in the H1 211 

experiment. 212 

The global averaged differences in the PBL height between the L0, L1, H0, H1 213 

experiments and the CTL experiment are -25.7 m, -11.7 m, 11.0 m and 44.8 m, 214 
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respectively (Table 2). The differences over land are slightly larger than those over the 215 

ocean. The differences between the L0, L1, H0, H1 experiments and the CTL 216 

experiment are -26.4 m, -11.8 m, 12.1 m, and 48.6 m over land, respectively, and are 217 

-25.0 m, -11.5 m, 10.1 m and 41.4 m over ocean, respectively (see Table 2). Figure 6 218 

(a) further indicates that the PBL height increases as the Ricr increases and the 219 

relationship is nearly linear. The globally averaged annual mean PBL height increases 220 

by about 114 m per a change of 0.5 in Ricr, with a slightly higher rate of change over 221 

land (121 m) than over ocean (106 m). 222 

The maximum PBL height also increases nearly linearly as Ricr increases, as can be 223 

seen from Figure6 (b). The global maximum PBLheight, which occurs over land in all 224 

experiments, increases by 240 m when Ricr increases by 0.5, and the maximum of 225 

PBL height over ocean increase by 181 m for an Ricr increase of 0.5. The minimum 226 

PBL height does not change with Ricr in all the experiments because it is set as the 227 

height of the lowest model level to maintain numerical stability and to prevent 228 

complete collapse of mixing under strongly stable conditions. The relative changes of 229 

global mean in different experiments are also calculated. The relative changes of PBL 230 

height between L0, L1, H0, H1 experiments and the CTL experiment are -2.31%, 231 

-1.15%, 0.99% and 4.02%. The relative changes over ocean are slightly larger than 232 

these over land area, because of the lower marine PBL heights (Table 2). 233 

The linear relationship between Ricr and the mean/maximum PBL height can be 234 

explained by the vertical distribution of the bulk Richardson number. Figure 7 shows 235 

the vertical profiles of the bulk Richardson number at 00:00 UTC and 12:00 UTC 236 
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over the west Sahara desert on a clear-sky day in July, 2000 (the local standard time is 237 

nearly same to the UTC time at this location). At 00:00 UTC, when a stable PBL 238 

occurs, the bulk Richardson number increases nearly linearly throughout the whole 239 

PBL. As a result, an increase in the value of Ricr leads to an increase in the PBL height 240 

nearly linearly under stable conditions. At 12:00UTC, the bulk Richardson number is 241 

nearly zero in the PBL because the potential temperature gradient becomes very weak 242 

under the influence of convection. Just above the PBL, the bulk Richardson number 243 

usually increases rapidly across a very shallow layer because of a sharp increase in 244 

potential temperature. However, in our simulations, the vertical resolution of a GCM 245 

model is too coarse (26 vertical levels in total and only 5-6 levels under 2km) to 246 

capture such a rapid change and the PBL height is usually determined by a linear 247 

interpolation between two model levels, one with a bulk Richardson number smaller 248 

than Ricr and the other with a bulk Richardson number larger than Ricr (which occurs 249 

in the free atmosphere). Given that the bulk Richardson number increases nearly 250 

linearly in the free atmosphere under unstable conditions, the PBL height diagnosed 251 

through this interpolation also increases linearly as the value of Ricr increases. 252 

Consequently, the PBL height increases nearly linearly with Ricr under both stable and 253 

unstable conditions.  254 

Figure 6(c) shows that the globally averaged annual mean sensible heat flux decreases 255 

with increasing Ricr. The globally averaged differences between L0, L1, H0, H1 256 

experiments and CTL experiments are 0.44, 0.20, -0.19, -0.84 W m−2 respectively 257 

(Table 2). As such, the global sensible heat flux decreases by about 2.06 W m-2 when 258 
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Ricr increases by 0.5; the rate of change is smaller over land (-1.53 W m-2) but larger 259 

over ocean (-2.535 W m-2). The globally averaged relative changes of sensible heat 260 

flux are 2.11%, 0.94%, -0.92% and -3.99% in L0, L1, H0, H1 experiments, 261 

respectively (Table 2). The simulated sensible heat flux responds more significantly to 262 

the changes in Ricr over the high-middle latitude ocean (30-70oS) in the Southern 263 

Hemisphere than over other areas, as can be seen from Figure 8. The globally 264 

averaged annual mean differences in sensible heat flux over this area between L0, L1, 265 

H0, H1 experiments and CTL experiments are 0.76, 0.19, 0, -0.33, -1.32 W m−2, 266 

respectively. 267 

Unlike sensible heat flux, the globally averaged annual mean of latent heat flux 268 

increases with increasing Ricr (Figure 6d). When Ricr increases by 0.5, the annual 269 

mean latent heat flux over the globe, land and ocean increases approximately by 1.10 270 

W m-2, 0.83 W m-2 and 1.30 W m-2, respectively. The globally averaged annual mean 271 

differences in latent heat flux between L0, L1, H0, H1 experiments and CTL 272 

experiments are -0.24, -0.07, 0.12, 0.46 W m−2 respectively (Table 2). These 273 

differences are only half of those of sensible heat fluxes and the relative changes of 274 

latent heat flux are also much less than those of sensible heat flux because of the 275 

much larger globally averaged annual mean of latent heat flux. However, although the 276 

global averaged changes in latent heat flux are smaller than those in sensible heat flux, 277 

the spatial distribution is more heterogeneous. As can be seen from Figure 9, changes 278 

in latent heat flux mostly occur over the subtropical ocean. However, changes over 279 

land are more statistically significant, especially over arid areas such as the North 280 
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Africa, Australia, Mongolian and North China. Again, the Student’s t-test is used to 281 

calculate the significance of latent heat flux change at each model grid cell and the 282 

shadow areas show where the significance level is less than 0.05. This is due to the 283 

significant changes in the stratiform precipitation as shall be discussed in section 3.3, 284 

which affects soil moisture and then latent heat flux in these areas. 285 

b. Sensitivities of Wind, Temperature and Humidity Fields to Ricr  286 

Changes in the global mean wind speed are small in all sensitivity experiments (less 287 

than 0.05 m s-1 at all vertical levels) and relative changes are no larger than 0.5 %. 288 

Significant changes occur over the Westerly Belt area in the Southern Hemisphere. 289 

The surface wind speed (at the level of 0.993 sigma in the model) increases over the 290 

high latitude area (45-65oS) but decreases over the middle latitude area (25-45oS) as 291 

Ricr increases, as shown in Figure 10. It is also noted that this phenomenon appears at 292 

all model levels below the 0.266 sigma level. Figure 11 further shows changes of the 293 

west-east component in the sensitivity experiments and it is clear that increasing Ricr 294 

strengthens the west-east wind component over the area around 60oS and weakens the 295 

west-east wind component over the area around 30oS. This will be further discussed in 296 

Section 3.d.  297 

Changes in air temperature and specific humidity between the sensitivity experiments 298 

and the CTL experiment are insignificant at the significance level of 0.05 (not shown). 299 

The global averaged changes in annual mean air temperature in all experiments are 300 

less than 0.2 K and the relative changes are less than 0.5%. For specific humidity, the 301 

changes at all vertical levels are less than 0.001 g kg-1, and the relative changes are 302 
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less than 1.0%.  303 

c. Sensitivities of Precipitation and Cloud to Ricr  304 

Precipitation and cloud processes are known to be sensitive to PBL schemes [Holtslag 305 

and Boville 1993; Shin and Ha 2007; Yao and Cheng 2012]. The simulated 306 

precipitation in the CTL experiment is first validated against the CMAP (Climate 307 

Prediction Center Merged Analysis of Precipitation) precipitation data as shown in 308 

Figure 12. It is evident that the model reproduces the global precipitation distribution 309 

fairly well, but the model underestimates the precipitation over the Inter-Tropical 310 

Convergence-Zone (ITCZ) and in Brazil, and overestimates the precipitation over 311 

India and middle Africa. All numerical experiments underestimate the global mean 312 

precipitation with a bias close to -80 mm yr-1 and the model yields a better simulation 313 

over Brazil and India in the experiment H1 in which Ricr = 0.50. Our simulations 314 

show that global mean precipitation increases with increasing Ricr. Differences 315 

between the L0, L1, H0, H1 experiments and the CTL experiment are -4.20, -1.38, 316 

2.39, 6.70 mm yr−1, respectively. The differences over ocean are larger than over land 317 

(see Table 2). 318 

The fact that the total precipitation increases with increasing Ricr, as shown in Fig 6e, 319 

is consistent with changes in surface latent heat flux, suggesting more effective 320 

exchanges of moisture between the land surface and the atmosphere occurring in 321 

experiments with higher Ricr values. In the model, the total precipitation is composed 322 

of stratiform precipitation and convective precipitation, which are treated differently. 323 

It is interesting to note that the effects of increasing Ricr on convective and stratiform 324 
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precipitation are distinct (c.f. Figures 13 and 14). Globally averaged stratiform 325 

precipitation increases but convective precipitation decreases with increasing Ricr (as 326 

can be also seen from Figs. 6f and 6g). The increasing rate of stratiform precipitation 327 

is stronger than the decreasing rate of convective precipitation, resulting in an 328 

increasing rate of total precipitation as Ricr increases. Furthermore, strong and 329 

significant changes in convective precipitation occur over the ITCZ in the sensitivity 330 

experiments (Figure 13). The absolute differences can be larger than 100 mm yr-1 due 331 

to changes in the precipitation pattern. The changes in convective precipitation over 332 

North America, East Europe, Siberia, Australia and the Westerly Belt also pass the 333 

significance test, but are relatively weaker since the absolute differences in these areas 334 

are less than 20 mm yr-1. The spatial distribution of changes in stratiform precipitation 335 

is more homogeneous in the sensitivity experiments (see Figure14), and the most 336 

significant changes occur over land, especially over North Africa, Arabian Peninsula, 337 

Indian and East Asia. The areas passing the significance test agree well with those of 338 

latent heat flux (see Figure9). As mentioned earlier, this demonstrates that changes in 339 

stratiform precipitation in these relatively arid areas impact the soil moisture and then 340 

the exchange of water between the land surface and the atmosphere.  341 

Changes in Ricr also affect cloud fraction, but only marginally and insignificantly. The 342 

globally averaged differences in cloud fraction between L0, L1, H0, H1 experiments 343 

and CTL experiments are less than 1%, and the local maximum changes are only 4%. 344 

The global mean cloud fraction decreases with increasing Ricr, and changes over 345 

ocean are larger than over land. When Ricr increases by 0.5, the cloud fractions over 346 
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the globe, land and ocean decrease approximately by 0.007, 0.005 and 0.011, 347 

respectively (Figure 6h). Changes in Ricr affect the low cloud more than the high 348 

cloud (as expected): when Ricr increases by 0.5, the low cloud fractions over the globe, 349 

land and ocean decrease approximately by 0.009, 0.006 and 0.014, respectively 350 

(Figure 6i). The influence on the low cloud fraction is more significant over land, 351 

including North Africa, Middle East, South America and Australia (Figure 15).  352 

Figure 16 illustrates changes in the lifting condensation level (LCL) in different 353 

sensitivity experiments. As can be seen, most of changes in the LCL occur over land, 354 

such as North Africa, America, Australia and East Asia. Because LCL is determined 355 

by several meteorological variables such as air temperature and relative humidity, the 356 

response of the LCL to changing Ricr is more complicated. For example, the 357 

differences in the center of South America are always positive while the differences in 358 

North Africa are negative in the L0 and H1 experiments. The areas where the changes 359 

in LCL passing the statistical test are not consistent with the areas where the changes 360 

in convective precipitation passing the statistical test, which demonstrates the 361 

complicated nature of the precipitation processes (e.g. Findell and Eltahir, 2003). 362 

d. Impacts on Regional Climate Simulations in the H1 Experiment. 363 

Although globally averaged influences on the PBL height, surface fluxes and other 364 

meteorological fields seem relatively small, the spatial distributions of these impacts 365 

are inhomogeneous and thus are more significant over some areas. This section 366 

focuses on the impacts of changing Ricr in the Southern Hemisphere in the H1 367 

experiments, because (i) the Ricr value (= 0.5) in the H1 experiment is widely used in 368 
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previous GCM simulations, and (ii) the Westerly Belt in the Southern Hemisphere is a 369 

region most sensitive to the changes in Ricr. 370 

In the H1 experiment, the PBL height increases over the whole middle-high latitude 371 

ocean area in the Southern Hemisphere (30oS-65oS) compared to the CTL experiment. 372 

The averaged increase over model grid cells that pass the significance test in this area 373 

is 82.5 m, with the maximum increase of 221.7 m occurring near the costal line of 374 

Australia and the minimum of 34.7 m occurring over the south Atlantic ocean near the 375 

Drake Passage. This is because the H1 experiment simulates an increase in air 376 

temperature in this area, and the maximum increase of 0.6 K occurs at the 0.787 377 

sigma level (not passing the significance test). This makes the local PBL more stable 378 

and inhibits changes in the PBL height. At the same time, the increasing near-surface 379 

air temperature also causes decreasing surface sensible heat flux. In this area, the 380 

averaged change in sensible heat flux over grid cells passing the significant test is 381 

-2.21 W m-2 and the minimum is -7.18 W m -2, which also occurs at the Drake Passage. 382 

The simulated latent heat flux is not sensitive to the changes in Ricr in most part of 383 

this area (30oS-65oS), but it should be noted that a decrease in latent sensible heat flux 384 

also appears near the Drake Passage with an average decrease of -0.97 W m-2. The H1 385 

experiment also shows an increase of the west-east wind component around 60 oS and 386 

a decrease around 30 oS. The averaged increase around 60 oS over the significant grid 387 

cells is 0.30 m s-1 at the 0.993 sigma level and the maximum increase is 0.34 m s-1 at 388 

the 0.510 sigma level; The averaged decrease around 30 oS over the significant grid 389 

cells is -0.25 m s-1 at the 0.993 sigma level and the largest decrease is -0.46 m s-1 at 390 
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the 0.510 sigma level. This suggests that the Westerly Belt in the Southern 391 

Hemisphere may move south when a larger Ricr value is used. Changes in the west 392 

wind in the Northern Hemisphere are more complex because of the land-sea contrast.  393 

The H1 experiment shows a slight increase of convective precipitation over the ocean 394 

surface around 60 oS and a weak decrease of convective precipitation over the ocean 395 

surface around 45 oS, but changes in stratiform precipitation, cloud fraction and lifting 396 

condensation level are weak and insignificant. 397 

 398 

4. Summary 399 

The sensitivity of the BCC_AGCM climate model to the critical bulk Richardson 400 

number (Ricr) in the PBL parameterization has been investigated through a set of 401 

numerical experiments. Model outputs are inter-compared for different values of Ricr. 402 

The main results are summarized below. 403 

(a) The globally averaged PBL height increases almost linearly with increasing Ricr. 404 

The global averaged PBL height changes by about 114 m with a change of 0.5 in 405 

Ricr. Most prominent and significant changes in the PBL height occur in the 406 

Westerly Belt of the Southern Hemisphere. The globally averaged sensible (latent) 407 

heat flux decreases (increases) with increasing Ricr. The most significant changes 408 

in sensible heat flux occur over the middle-high latitude ocean in the Southern 409 

Hemisphere while the most significant changes in latent heat flux occur over arid 410 

continent areas in the Northern Hemisphere. 411 

(b) The impacts of increasing Ricr on globally averaged temperature, specific 412 
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humidity and wind speed are weak, and changes in temperature and specific 413 

humidity in the sensitivity experiments did not pass the significant test. Over the 414 

ocean in the Southern hemisphere, the west-east wind component strengthened 415 

around 60oS and weakened around 30oS as the Ricr increases, suggesting that the 416 

Westerly Belt may move south when a larger Ricr value is used.  417 

(c) Both convective precipitation and stratiform precipitation change with Ricr, but the 418 

changes are different for convective precipitation and stratiform precipitation. 419 

Globally averaged stratiform precipitation increases with increasing Ricr, whereas 420 

increasing Ricr mainly redistributes the convective precipitation. Strong and 421 

significant changes in convective precipitation occur over the ITCZ, while 422 

changes in stratiform precipitation are more significant over arid land areas where 423 

significant changes in latent heat flux are also observed. The influence of 424 

changing Ricr on the lifting condensation level is nonlinear and complicated. 425 

(d) Although the globally averaged impacts of Ricr value on PBL height, surface 426 

fluxes and other meteorological fields are not dramatic, the spatial distributions of 427 

these impacts are inhomogeneous. Thus, the impacts on regional and local 428 

climates can be important. This paper is a first step of our analyses focusing on the 429 

global picture. Higher resolution simulations and detailed comparisons to 430 

observations are needed in future investigations. 431 

 432 

Acknowledgments 433 

 434 



22 
 

This paper is supported by the National Basic Research Program of China 435 

(2011CB952002), China Meteorological Administration (GYHY201006024), and the 436 

National Natural Science Foundation of China (41375014). Yangang Liu is supported 437 

by the U.S. Department of Energy’s Earth Modeling Program (ESM) via the FASTER 438 

project (www.bnl.gov/faster) and Atmospheric System Research (ASR) program. The 439 

authors are particularly grateful to three anonymous reviewers for their careful review 440 

and valuable comments, which led to substantial improvement of this manuscript. The 441 

data and code (in FORTRAN language) used in this paper can be obtained from the 442 

first author.443 

http://www.bnl.gov/faster�


23 
 

REFERENCES  444 

Basu, S., A. A. M. Holtslag, L. Caporaso, A. Riccio and G. J. Steeneveld, (2014), 445 

Observational support for the stability dependence of the bulk Richardson 446 

number across the stable boundary layer, Boundary-Layer Meteorol. 447 

150:515–523. 448 

Bretherton, C.S. and S. Park, (2009), A new moist turbulence parameterization in the 449 

community atmosphere model, J. Climate, 22 (12), 3422–3448. 450 

Findell, K. and F. Eltahir, (2003), Atmospheric controls on soil moisture–boundary 451 

layer interactions. Part I: framework development, J. Hydrometero. 452 

4(3):552-569. 453 

Grachev, A. A., E. L. Andreas, C. W. Fairall, P. S. Guest, and P. O. G. Persson, (2013), 454 

The critical Richardson number and limits of applicability of local similarity 455 

theory in the stable boundary layer, Boundary-Layer Meteorol., 147: 51-82. 456 

Holtslag, A. A. M. and B. A. Boville, (1993), Local versus nonlocal boundary layer 457 

diffusion in a global climate model, J. Climate, 6 (10), 1825–1842. 458 

Katul, G. G., A. Porporato, S. Shah, and E. Bou-Zeid, (2014), Two phenomenological 459 

constants explain similarity laws in stably stratified turbulence, Physical Review 460 

E, 89(02): doi: 10.1103/PhysRevE.89.023007. 461 

Kiehl, J. T., J. J. Hack, G. B. Bonan, B. A. Boville, D. L. Williamson, and P. J. Rasch, 462 

(1998), The national center for atmospheric research community climate model: 463 

Ccm3, J. Climate, 11 (6), 1131–1149. 464 

Liu, G., Y. Liu and S. Endo, (2013), Evaluation of surface flux parameterizations with 465 



24 
 

long-term ARM observations, Mon. Wea. Rev, 141:773-797. 466 

Louis, J. F., (1979), A parametric model of vertical eddy fluxes in the atmosphere, 467 

Boundary-Layer Meteorol, 17 (2), 187–202. 468 

John W. Miles (1961), On the stability of heterogeneous shear flows, J. Fluid Mech., 469 

10, 496-508. 470 

Noh, Y., W. G. Cheon, S. Y. Hong, S. Raasch, (2003), Improvement of the K-profile 471 

model for the planetary boundary layer based on large eddy simulation data, 472 

Boundary-Layer Meteorol., 107 (2), 401–427. 473 

Park, S. and C. S. Bretherton, (2009), The University of Washington shallow 474 

convection and moist turbulence schemes and their impact on climate 475 

simulations with the Community Atmosphere Model, J. Climate, 22 (12), 476 

3449–3469. 477 

Richardson, H., S. Basu, and A. A. M. Holtslag, (2013), Improving Stable 478 

Boundary-Layer Height Estimation Using a Stability-Dependent Critical Bulk 479 

Richardson Number, Boundary-Layer Meteorol., 148 (1): 93-109. 480 

Shin, S.-H. and K.-J. Ha, (2007), Effects of spatial and temporal variations in pbl 481 

depth on a GCM, J. Climate, 20 (18), 4717–4732. 482 

Troen, I. and L.Mahrt, (1986), A simple model of the atmospheric boundary layer; 483 

sensitivity to surface evaporation, Boundary-Layer Meteorol., 37 (1-2), 129–148. 484 

Vogelezang, D. H. P. and A. A. M. Holtslag, (1996), Evaluation and model impacts of 485 

alternative boundary-layer height formulations, Boundary-layer Meteorol., 81, 486 

245–269. 487 



25 
 

Wu, T, R. Yu, F. Zhang (2008), A modified dynamic framework for atmospheric 488 

spectral model and its application, J. Atmos. Sci., 65, 2235-2253. 489 

Wu, T., R. Yu, F. Zhang, Z. Wang, M. Dong, L. Wang, X. Jin, D. Chen and L. Li, 490 

(2010), The Beijing climate center atmospheric general circulation model: 491 

description and its performance for the present-day climate, Clim. Dynam., 34 492 

(1), 123–147. 493 

Yamada, T., (1975), The critical Richardson number and the ratio of the eddy 494 

transport coefficients obtained from a turbulence closure model, J. Atmos. Sci., 495 

32, 926-933. 496 

Yao, M.-S. and Y. Cheng, (2012), Cloud simulations in response to turbulence 497 

parameterizations in the GISS Model E GCM, J. Climate, 25 (14), 4963–4974. 498 

Zhang Y., Z. Gao, D. Li, Y. Li, N. Zhang, X. Zhao, and J. Chen, (2014), On the 499 

computation of planetary boundary-layer height using the bulk Richardson 500 

number method, Geosci. Model Dev., 7, 2599–2611. 501 



1 
 

 

Figure 1. Simulated planetary boundary layer height in experiment CTL: (a) annual 

mean; (b) DJF mean; (c) JJA mean. 
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Figure 2. Same as Figure 1 but for sensible heat flux 
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Figure 3. Same as Figure 1 but for latent heat flux 
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Figure 4. Same as Figure 1 but for virtual temperature heat flux 
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Figure 5. Annual mean differences of planetary boundary layer height between 

different experiments: (a) L0-CTL;(b)L1-CTL; (c) H0-CTL; (d)H1-CTL (The 

dot-shadowed areas are where the statistical significance is less than 0.05 with the 

Student’s t-test). 
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Figure 6. Simulated (a) mean planetary boundary layer height; (b) maximum 

planetary boundary layer height; (c) mean sensible heat flux; (d) mean latent heat flux; 

(e) total precipitation; (f) straitiform precipitation; (g) convective precipitation; (h) 

mean total cloud fraction and (i) mean low cloud fraction in different cases as a 

function of Ricr.  
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Figure 7. The vertical profile of the bulk Richardson number over west Sahara desert 

at 00:00UTC (stable) and 12:00 UTC (unstable) on a typical day in July, 2000.
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Figure 8. Same as Figure 4 but for sensible heat flux.
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Figure 9. Same as Figure 4 but for latent heat flux.



10 
 

 

Figure 10. Same as Figure 4 but for wind speed at 0.993 sigma level.
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Figure 11. Same as Figure 4 but for the west-east wind component at 0.993 sigma 

level. 
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Figure 12. Comparison of (a) the Climate Prediction Center Merged Analysis of 

Precipitation (CMAP) data and (b) simulated global precipitation.
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 Figure 13. Same as Figure 4 but for the convective precipitation.  
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Figure 14. Same as Figure 4 but for the stratiform precipitation.
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Figure 15. Same as Figure 4 but for low cloud fraction.
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Figure 16. Same as Figure 4 but for lifting condensation level.  
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Table 1 The simulated globally averaged PBL height in experiment CTL (unit: m) 

 Annual mean DJF mean  JJA mean 

 Global Land Ocean Global Land Ocean Global Land Ocean 

Max 1113 1113 896 1279 1181 1279 1620 1619 1062 

Min 194 194 208 184 186 184 146 146 191 

Avg 485 468 499 461 433 488 499 499 500 
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Table 2 The simulated annual mean difference and relative change of planetary 

boundary layer height (PBLH) , sensible heat flux (SHFLX), latent heat flux (LHFLX) 

and total precipitation.  

  Difference Relative change (%) 

  Global Land Ocean Global Land Ocean 

PBLH 

(m) 

L0:Ricr=0.19 -25.7 -26.4 -25.0 -2.31 -2.41 -2.80 

L1:Ricr=0.25 -11.7 -11.8 -11.5 -1.15 -1.06 -1.28 

H0:Ricr=0.35 11.0 12.1 10.1 0.99 1.09 0.91 

H1:Ricr=0.50 44.8 48.6 41.4 4.02 4.37 4.62 

SHFLX 

(W m 
-2

) 

L0:Ricr=0.19 0.44 0.28 0.59 2.11 1.32 2.82 

L1:Ricr=0.25 0.20 0.10 0.28 0.94 0.49 1.35 

H0:Ricr=0.35 -0.19 -0.17 -0.21 -0.92 -0.83 -1.01 

H1:Ricr=0.50 -0.84 -0.67 -0.99 -3.99 -3.20 -4.70 

LHFLX 

(W m 
-2

) 

L0:Ricr=0.19 -0.24 -0.14 -0.34 -0.37 -0.21 -0.52 

L1:Ricr=0.25 -0.07 0.00 -0.13 -0.11 0.00 -0.20 

H0:Ricr=0.35 0.12 0.17 0.08 0.19 0.25 0.12 

H1:Ricr=0.50 0.46 0.38 0.53 0.70 0.58 0.80 

total precipitation 

(mm yr
-1

) 

L0:Ricr=0.19 -4.20 -3.80 -4.56 -0.63 -0.57 -0.68 

L1:Ricr=0.25 -1.38 0.61 -3.18 -0.21 0.09 -0.48 

H0:Ricr=0.35 2.39 3.92 1.01 0.36 0.59 0.15 

H1:Ricr=0.50 6.70 7.76 5.74 1.00 1.16 0.86 

  




